L BT A v . o

- L 7 TR BT, ey
Smpnaer R Cafae) N

AD-A012 875

SURFACE SHOCK LAYER OF SPACE SHHUTTLE
ORBITER CONFIGURATIONS AT MACH NUMBER 8§

W, R. Martindale, et al

Arnold Engincering Development Center

\.

FLOW-FIELD MEASUREMENTS IN THE WINDWARD

)

Y

//_‘

Prepared for:

ARO, Incorporated

National Acronautics and Space Administration

Julv 1975

DISTRIBUTED BY:

N

National Technical info. nation Service
U. S. DEPARTMENT OF COMMERCE

DN

I U



et St ok el s e sk AP AT TSI LRI RYNE TR AT T rRSe T T TR AR e T

;

ot
il

t]..

|

AEDC-TR-75-5

L

I

=
T=
Bt 219084
s = SN
= 57 o AN
O e )
e FLOW-FIELD MEASYREMENTS IN THE WINDWARD SURFACE
SHOCK LAYER OF SPACE SHUTTLE ORBITER
/ "€ CONFIGURATIONS AT MACH NUMBER 8
] Do
w ‘ VON KA'RMI'\N GAS DYNAMICS FACILITY
N ( ARNOLD ENGINEERING DEVELOPMENT CENTER 1
g AIR FORCE SYSTEMS CCMMAND
R ARNCLD AIR FORCE STATION, TENNESSEE 37389
o
9: July 1975
E
]
Finai Report for Period September 29, 1973 — May 9, 1974
L Approved for public ralesss; distribution unlimited.
Prepared for
‘ NATIONAL AERONAUTICS AND SPACE ADMINISTRATION {JSC)

HOUSTON, TEXAS 77058

Reproduced

by
NATIONAL TECHMICAL
INFORMATION SERVICE

US Dapartment of C(:Ammf\rm ‘
Spnrgfield, VA, 22158

L e




AR CE A A |

no e T

NOTICES

—
When U. S. Government drawings specifications, or other data are used for
any purpose other than a definitely reiated Governiient procurement
operation, the Government thereby incurs no responsibility nor any
obligation whatsoever, and the fact that the Government may have
formulated, furnished, or in any way supplied the said drawings,
specifications, or other data, is not to be regarded by implication or
otherwise, or in any manner licensing the holder or any other person or
corporation, or conveying any rights or permission to manufacture, use, or
sell any patented invention that may in any way be related thereto.

Qualified users may obtain copies of this report from the Defznse
Documentation Center.

References to named commercial products in this report are not to be

considered in any sense as an endorsement of the product by the United
States Air Force or the Government.

This report has beer: reviewed by tne Information Office (OI) and is releasable
to the National ']“echnic,a.Lx Infgrmation Service (NTIS). At NTIS, it will be
a\:ai}able to the general publi including foreign nations.

/

APPROVAL STATEMENT

-

This technical report has been reviewed and iz approved for publication.

FOR THR COMMANDER «

-7

/” X ;//%/A Frod ) Seanrees

JIMMY W. MULLINS FRANK J. PASSARELLO
Lt Colorel, USAF Colonel, USAF
Chief Air Force Test Director, VKF Director of Test

Direciorate of Test




UNCLASSIFIED

REPORT DOCUMENTATION PAGE | READ INSTRUCTIONS

BEFORE COMPLETING FORM
T REFLRT nLMBEw < GOVY ACCELSION NO, 1 RECIPIENT'S CATALOG NUNMBER
AEDC--TR-75-5

Fl‘ ‘:"":_E'_m:l"'”‘ ! B B < TYPE QF REPORT & PERIOD COVERED
FLOW-FTELD MEASUREMENTS IN THE WISUWARD Final Report-September
SURFACE SHOCK LLAYER OF SPACF SHUTTLE 29, 1973 - May 9, 1974
ORBITER CONFIGURATIONS AT MACH NUMBER 8 & PERFORMING ORG. REFORT NUVBER

8 CONTRACY OR GRANT NUMBF R/

W, R. Martindale and L. D. Carter,
ARO, Inc,

BEHE T RMO L TR AN IATION NAME AND ADDRESS 19

Arnold Engineering Development Center (XG)
Arnold Air Force Station, Tennessee 3738Y

PROGRAM ELEMENT, PROJECT, K TASK
AREA & WORK UNIT NUMBE RS

Program Element 921E
Project 9705

¢

. We U UERICE name AnD AGDRESS 12
National Aeronautics and Space
Administration (JSC/FS3)

REFORT DATE

July 1975

13 NUMBER OF PAGES

iiouston, Texas 77058 S N
R T S e vy ADTRESA T diflerent (rom C niralling Office) 1 1S SECURITY CLASS. (of this report,
UNCLASSTFIED
| 75a DECL ASSIFICATION DOWNGRADING
SCHEDULE N/A
T T T N v epeet

Approved for public releass: distribution unlimited.

. " E" ‘;‘7’:\;7;;11"{;4”[7‘«1‘ o ."hr abuiract entered tn Rlock 20, if difterent from R wport)

“ VIS NN NOTES
Available in DDC

W e e reverse ide 1f ned o ssar amd ety o iy
flow fields shock (mechanics)
measurements Space Shuttle Orbiter
surfaces (windward) shape
layers Mach number
R T T e I T

tede H necessary and fdentifv by block num’er)

Pitot pressure ond total~temperature measurements were made

in the windward surface shock layer of two 0.0175-scale space
shuttle orbiter models at simulated re-entry conditions.
Corresponding surface static pressure measuremen is were also made.
Flow properties at the edge of the model boundary layer were
derived from these measurements and compared with values calculated
using (onventional methods. Measurements were made at Mach

DD ! ‘A:“"‘ 1473 EOITION OF 1 NOV RS 15 ORSALFTE

UNCLASSIFIED




UNGLASSIFIED

20. ABSTRACT (Continued)

number 8, angles of attack from 15 to 35 deé, and Reynoldyg
numbers, based on model length, of 1.3 x 10° and 2.1 x 10°.

UNCLASSIF!ED




AEDC-TR-75-5

PREFACE
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tion, Johnson Space Center (NASA/JSC), Houston, Texas, for Rockwell
International (RI) Space Division, Downey, California, under Program
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obtained by ARO, Inc. (a subsidiary of Sverdrup & Parcel and Associ-
ates, Inc.), contract operator of AEDC, AFSC, Arnold Air Force
Station, Tennessee. The tests were conducted under ARO Project
Nos. VA353 and VA524. The authors of this report were W. R.
Martindale and L. D, Carter, ARO, Inc. The manuscript (ARO
Control No. ARO-VKF-TR-74-111) was submitted for publication on
November 13, 1974,

The authors wish to express their gratitude to C. E. Kaul for his
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1.0 INTRODUCTION

An understanding of the flow-field structure of a re-entr, ve ic.
such as the Space Shuttle Orbiter is essential if hypersonic ‘nd tunnd’
data (particularly convective heating data) are to be reliably e trape-
lated to flight conditions. Specific areas of interest in the ve. e Tl

; field are shygck wave standoff distance, distribution of flow-fiela : »
erties in the inviscid shock layer, flow properties at the edge of the
boundary layer, and details of the boundary-layer iow, The definition
of flow properties at the edge of the laminar boundary layer is of par-

, ticular importance because most boundary-layer transition correlations
| (sec Ref., 1 for example) use these properties,

yas

+~

The primary objective of the present tests was the determination
of flow properties at the edge of laminar boundary layers on current
Space Shuttle Orbiter configurations. Pitot pressure, lotal-temperature
and surface static pressure measurements were used with the isentropic
flow relations to derive thesc properties. Secondary objectives in-
’ cluded obtaining inviscid shock layer flow-field property distributionus,
,5 shock wave standoff measurements, and boundary-layer flow details.

3

The tests were conducted in the Hypersonic Wind Turnnel (B) of the
von Karman Gas Dynamics Facility (VKF), at Mach number 8 using
3 specially constructed pitot pressure and total-temperature probes, The
tests were conducted in two phases, designated OH9 and OH52, each
using a 0.0175-scale model of the then current Space Shuttle Orbiter
configuration, Model angle of attack was varied from 15 to 35 degrees

- and Reynolds numbers, based on model reference length, were 1.3 x 10
| and 2,1 x 106,

A complementary analytical study was undertaken to develop tech-
niques to extrapolate the preserit boundary-layer-edge measurements to
flight conditions. This study is documented in Ref

. cig

2.0 APPARATUS

2.1 WIND TUINNEL

Tunnel B is a continuous, closed~circuit, 50-in. -diam hypersonic
tunnel having Mach 6 and 8 axisymmetric contoured nozzles. With the
Mach 8 nozzle, this tunnel can be operated over the stagnation pressure

Preceding page blank
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range of 50 to 850 psia at a maximum stagnation ternperature of 1350°R.
The tunnel is equipped with a model injection system with which the
model may be injected and retracted without interrupting the flow. A
description of the tunnel may be found in Ref, 2.

2.2 MODELS

2.2.1 OH9--Phase

The model used during the OH9 phase of testing was supplied by
Rockwell International and was a 0,0175-scale model of the Space
Shuttle Orbiter Configuration 139, It was designated as Model 29-0
and is defined on Rockwell Drawing VI.70-000139. This model was
constructed of 15-5 stainless stzel and had no movable control surfaces.
The basic configuration is shown in Fig, 1, and a photograph of the
model is presented in Fig. 2, Twenty-one static pressure orifices
located un the lower surface of the model were made of 0,063-in. -OD
stainless ste~l tubing which provided orifice diameters of 0.040 in,
Also located on the lower surface were three 1/8-in, ChromeIQ-
constantan surface thermocouple gages which were used to record the
model surface temperature. The locations of the static pressure
orifices and surface thermocouples are shown in Fig. 3 and listed in
Table 1.

2.2.2 OH52—-Phase

The OHS52 phase model was a revised version of the OH9 model and
was designated as 29-0-Modified, This model is defined cn ..otkwell
Drawing V1.70-000140B. It was constructed of 15-5 stainiess steel and
had no movable control surfaces. The princiral configurat.on changes
from the 139 configuration were in nose shape and wing incidence angle.
A comparison of lower surface contours for the two :.iodels is shown in
Fig. 4, The twenty-six pressure orifice and ten thermocouple gage
locations on the lower surface of this model are shown in Fig, 3 and
listzd in Table 2.

2.3 INSTRUMENTATION AND MEASUREMENT PRECISION

2.3.1 Tunnel Instrumentation

The Tunnel B stilling chamber pressure was measured with a 1000-
psid transducer referenced to a near vacuum. The estimated uncertainty

e e i
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of £0, 2 percent of the calivrated range for this transducer is based on
periodic comparison with a secondary standard. The stilling chamber
temperature was measured with (l‘hrumol®-A1umc:1® thermocouples
which have an uncertainty of 0,5 percent. The free-stream Mach num-
ber uncertainty is +0.30 percent of the calibrated Mach number for the
Mach 8 nozzle, The uncertainties of the free-stream properties vere
estimated by means of the Tavlor series method of error propagation.

Uncertainties, + Percent

M, D T p T, P’ q Re/ft

0.3 0.8 a.5 2.1 0,8 1.5 1.5 1.4

2.3.2 Model Surface Data

The model surface pressures were measured with 1- -psid trans-
ducers with an uncertainty of +1 percent. L.smg the Taylor series
method of error prr)pdgatmn with this a1d the p uncertainty, the un-
certainty of P p is 1.8 percent,

The model surface temperatures were measured with Chrome| -
constanian coaxial surface thermocouple gages. Precision of the
thermocouple measurements is estimated to be +3°R considering wire
and instrument uncertainties.

2.3.3 Flow-Field Survey Systerns

The flow-field survevs were performed with a d-degree-of-freedom
remote drive mechanismn, This system positioned the probes over the
stations to be surveved and pitched the survey drive axis, Zp, such that
the survey would be made as nearly normal to the model centerline as
possible. The probe piteh drive was limited to 29 deg; therefore sur-
vevs made for model angles of attack of 30 and 35 de g werce slightly off
the normal. The survey stations were located within 0.1 inch of the
surface pressure orifice used to reduce the data, and the precision of
the probe translation was estimated to e 2,003 inches.

The pitot pressure probes were connecte ; to 15-psia transducers
which were calibrated for a 5-psid range. PFor this range, these trans-
ducers have an uncertainty of H,01 psia,
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2.24 OH9--Phase Probes

Because of limited vertical drive, two different length probe 5up-~ b
medel survey stations ]
of these flow-field survey probe
, unshielded, total-temperatiure
lower of wo pitot probes, Tempera- .
ture probe TTy was 0,010 in. in diameter and was used as the primary ;
instrument, Probe TT1 was 0.020 in, in diametier and was considered
% as a backup for TT9. Probes simiiar to TT7 and 1T, previously

tested in Tunnel B, exhibited a free-stream recovery factor, TT/TO,
F of abou. 0.9,

T

r
: ports {Fig. 5) were required to cover the ten
% during the OHY9 phase of testing. Each
f Supports had two Chromel-Alume]

E probes positioned outboard of the
l

1 The lower pitot probe, PP1, was constructed of 0.020-in, ~OD

tubing tapered to 0,014 in, at the tip and had an insiae diameter of

1 0.010 in. This small tubing was used to minimize the flow disturb-
' ances and improve the data resolution in the mode]
The other pitot probe, ppsy, was iccated about 1,0 i
was constructed of 0,093-in, -OD tubing,

boundary layer,
n. above pPp; and

| |
2.3.5 OH52--Phase Probes

A single probe Support was used during the QH52 phase of testing
(Fig. 6). The temperature probe, TT1{, and the lower pitcc probe, PPy,
were similar to the corresponding probes of the OHY phase. Probe PPo

was located 0,584 in, above PP and constructed of 0.093~in.-0D tubing,
flattened at the tip to a height of 0,052 in,

The uncertainty of the boundary-layer thicknesses derived from the
tntal-temperatire profiles is estimated to have been 0. 006 in. based
on data repeatability and smoothness, similarly, the boundary-layer-
edge Mach number uicertainty is estimated to be 10.07,

3.0 PROCEDURE

D N

3.1 TEST PROCEDURE

layer edge, the boundary-layer thicknes
the total-temperature profiles,
the inviscid siiock layer does not

§ can best be determined from
The existence of velocity gradients in
alter the adiabatic nature of the flew,
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hence, the total temperature remains constant through the flow field
until the boundary layer is reached. When the effect of viscous dis-
sipation becomes significant, i.e., when the boundary layer is entered,
the total temperature decreases. At the model surface the total tem-
perature is, of course, equal to the model temperature. The magni-
tude of the total-temperature inflection at the boundary-layer edge is
enhanced by lowering the model wall temperature, so during the tests
several measures were used to minimize model wall temperature.

To obtain minimum wall temperature flow-field surveys, the
initial model surface temperature and the time of aerodynamic heating
of the model were ccntrolled. The model, therefore, was retractec
from the tunnel flow between surveys and cooled to about 530°R with
air jets. During this time, the probes were positioned in the test
section to a predetermined location for the next survey. The modzal
was then injected into the tunnel and the survey was initiated by driving
the probes toward the model surface. When the lower pitot probe ap-
proached the vicinity of the model boundary layer where a high pitot
pressure gradient was encountered, the data were recorded in a drive-
pause manner to accommodate the longer pressure stabilization time
in this region. When the lower pitot probe made contact with the model
surface an electrical foul circuit was triggered, recording the final
survey data point and establishing the probe height zero. An additional
data point was taken after the pitot pressure had completely stabilized.
After driving the pr.pes clear, the model was retracted from the tunnel
for cooling and the cycle repeated for the next run.

The model surface pressure cata were obtained independently of
the flow-field survey data.

3.2 TEST CONDITIONS

The tests were conducted at a nominal free-stream Mach number
of 8 at a tunnel stilling chamber temperature »f 1340°R. The other test
conditions were as follows:

Nominal Test Conditions

. ) . Re/ft
- A OR ~
_Mi P pSf Po, PSia T s qq, Psla < 10-6_
, 7.92 150 0.016 99 0.72 0.7
F 7.95 250 0.027 98 1.18 1.1

Test summaries are given in Table 3.
g
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3.3 DATA REDUCTION

The survey heights for the probes wore computed using the

using the geo-
metric center of each probe and the relative pcsition of the probes,

The zero probe height point, cbtained when the lower pitot probe (ppl) -
made electrical contect with the model, was used to reference all )
probe heights to the model surface,

Since the total-temperature probes were unshielded, there was a
radiation loss associated with each measurement, In the inviscid shock
layer this loss was about 5 percent. 3Since it did not affect the definition
of the boundary-layer edge, no radiation loss corrections were applied
to the data., However, if comparisons are made with calculations or
quantities are derived using these total-tempersature measurements, a i
correction should be applied. The ~irmplest correction is to select a i
noint exterior to the boundary layer and obtain a correction factor by
setting TT/T, equal to 1.0 at this point. The rest of the readings
would then be multiplied by the correction factor,

In spite of the efforts t» reduce pitot pressure stabilization error
as mentione- previously, significant errors were suspected, particu-
larly in the interior of the boundary layer. To quantify error estimates,
calculations were made using a pressure stabilization computer pro-
gram. The results indicated an error increasing from about 2.5 percent
at the boundary-layer edge to about 30 percent at the model surface, A

graphical presentation of this result will be discussed in a subsequent
section,

g

The boundary-layer thickness, 8, was determined from the total-
temperature prHfile by selecting the point at which the measured value
was 0,995 of the maximum measured value. The measured pitot pres-
sure at this point and the correcsponding model surface pressure were
then used to determine the boundary-layer-edge Mach number, The
other edge conditions were computed using the Mach number and the

isentropic flow relations given in Appendix A. The cornuted edge
conditions are summarized in Tables 4 and 5,

o e

L

Note that the present boundary-—layer-edge conditions depend on the
value of total-temperature ratio used in the definition. For example,
values of 0.99 or 0.999 times the maximum measured total temperature :
could have been used to define 5. However, the edge values obtained
are consistent and are comparable to numerical results such as those
of Ref, 2 where the boundary-layer edge was similarly defined,
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4.0 RESULTS AND DISCUSSION

4.1 STATIC PRESSURE

Model centerline static pressure measurements from the 139 and
140B corfigurations are compared in Fig. 7. The two sets of mea-
surements are in good agreement for X/L values less than or equal to
0.8 and diverge at larger values. These results are consistent with
the local body surface contours shown in Fig, 4,

Also shown in Fig, 7 are modified Newtonian and tangent cone
calculations for the 139 configuration. The data generally fall between
the two sets of calculated values which is consistent with data from
similar configurations (see Ref. 4 for example),

Spanwise static pressure measurements from the 139 configura-
tion at an X/L value of 0.8 and 30-deg angle of attack are compared
with calculations using three methods in Fig. 8. The measurements
rise from agreement with the tangent cone value near the centerline

to agreement with tangent wedge va:ues at the mcst outboard measure-
ment station,

A summary of wing static pressure measurements is shown in
Fig. 9 along with calculated values for 2Y/B = 0.6, Calculated values
for the other spanwise stations are not significantly different and are

not shown. Once again, the trend of increasing pressure with Spanwise
distance can be seen.

4.2 PITOT PRESSURE AND TOTAL-TEMPERATURE PROFILES

A typical pitot pressure profile from the 139 configuration is shown
in Fig. 10. The bow shock is located about one inch from the model
surface. The pitot pressure profile is smocth from the shock to the
model surface with no evidence of the boundary-layer-edge location,

The total-temperature profile corresponding to the pitot pressure
profile of Fig., 10 is shown in Fig. 11. In contrast to the pitot pressure
profile, the vicinity of the boundary-layer edge can be easily seen as
the area where the total temperature rapidly decreases, The theoretical
aspects of using total-temperature or total enthalpy profiles to define
boundary-layer-edge conditions are discussed in Ref, 2, The present

13
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definition of the boundary-layer edge (§) is the point where TT /T
0.995 as discussed in Section 3. 3,

max:

waoillCLTL e 0% whe/ N oS-

neglible with respect to boundary-layer thickness, hence, probe inter-
ference with the boundary layer might be suspected. Monaghan (Ref,
5) discusses three types of profile distortions that may occur if the
pitot probe is too large. They are as follows:

In the nrezaent fpcfc, the pifn‘f D1 ohe diameter wac not nnnaoonwﬂ}’
Dresent Tecis, the nitot n1obe

(1) A peak in the profile at the outer edge of the boundary
layer,

(2) A displacement of the main body of the profile, and

(3) A distortion of the profile near the wall,

The most important potential effect with respect to present data
was the profile peak at the edge of the boundary layer since boundary-
layer-edge properties were the primary objective, Galezowski (Ref,
6) studied the effect of circular pitot probe diameter on boundary-layer
profiles and found that if the probe diameter-to-boundary-iayer thick-
ness ratio was less than 0,29, no profile peak (or distortion) occurred
at the boundary-layer edge.

An enlargement of the pitct pressure ratio profile for the region
near the mcdel suriace from Fig, 10 is shown in Fig, 12. In this case
the probe diameter-to-boundary-layer thickness ratio was 0. 21 which,
according to Galezowski eriterion, should be adequate to avoid prefile
peaking at the boundary-layer edge. Examination of Fig. 12 indicates
that this is indeed the case, In three centerline surveys the probe
diameter-to-boundary-layer thickness did exceed 0,29 by a small
amount, but no profile peaking was noted.

The profile displacement effect noted above results (rom the effec-
tive center of pressure being shifted from the geometric centar of the
probe. Reference 5 states t..at this effect is probably quite small in
supersonic boundary layers,

Profile distortion near a model surface is probably related to .
local three-dimensional separation in the vicinity of the probe tip as
discussed in Ref, 7. In Ref. 7 it was suggested that profile data, at
points where the probe wall separation distance is on the order of the
probe diameter, should probably be disregarded, The region of pos-
sible p.obe wall interference is shown in Fig, 12,

e Alre b e a s
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Also shown in Fig. 12 is the estimate of the true pitot pressure
profile based on pressure stabilization calculations as discussed in
Section 3,3. The validity of this estimate is confirmed since it agrees
with the stabilized point with the probe on the model surface (see
Section 3,1),

A comparison o centerline pitot pressure profiles for 139 and 140R
configurations at an X/L val»e of 0.5 and 30-deg angle of attack is shown
in Fig. 13. Differences arc smail as expected since body profile dif-
fererces are small (Fig, 4),

Off-centerline pitot pressure profiles from the 140R configuration
at values of 2Y/B of 0.4 and less were similar in nature to the center-
line profiles, Profiles at 2%7/B greater than 0.4 were considerably
differer’ as can be seen from three examples in Fig. 14, These pro-
files are irregular, perhaps indicating the presence of shocks and
expansions in the flow field,

The thinnest boundary-layer measurement recorded was 0,030 in.
ata 2Y/B = 0,6 and X/L. = 0,75, The probe diameter-to~boundary -
layer thickness ratio in this case was 0.47, but only a small overshoot
in pitot pressure at the edge of the boundary layer was noted.

4.3 BOUNDARY-LAYER THICKNESS

Centerline boundary-layer thickness measurements from the 139
configuration are shown in Fig, 15, A trend of decreasing thickness
with increasing angle of attack can be seen. The rapid thickening of
the boundary layer near the aft end of the vehicle is attributed to the
combined effects of flow expansion (see Figs. 4 and 7) and three-
dimensional flow convergence in this region, Centerline boundary-
layer thicknesses 1rom the 139 and 140B configurations are compared in
Fig. 16. The 140B results indicated a slightly thicker boundary layer,

Spanwise distribution of boundary-layer thickness at an X/I. of 0.8
for the 140B configuration is shown in Fig. 17. A rapid decrease in
thickness is noted in the region between 2Y /B values of 0.4 to 0.6.
This decreese may be related to a dramatic change in pitot pressul
profiles between the two areas (compsre Figs. 13 and 14), An oil-flow
photograph of the 139 configuration fron: another test is shown in Fig.
18. Twou streaks are noted in the region between 2Y/B values of 0.4
and 0,6, These streaks are in the arca of the bow shock/wing inter-
action and apparently depict the transition from body-dominated flow to
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outer-wing flow,

44 BOUNDARY-LAYER-EDGE MACH NUMBER

An illustration of a blunt body flow field typical of that found on the
Space Shuttle lower surface is shown in Fig, 19, The parameter con-
trolling local boundary-layer-edge conditicns is the shock-wave angle at
which the local streamline entering the boundary layer crossed the shock.
The limiting values of shock crossing angle are then the norma] shock
present at the nose and the oblique shock angle perpendicular to the point
under consideration,

A comparison of centerline boundary—layer-edge Mach number from
the 139 configuration and calculated values based on the shock angle
limits are shown in Fig. 20. The calculated values were obtained using
isentropic flow relations with the Ineasured static pressure and the total

mined by tangent cone theory applied locally (denoted tangent cone), At
all three angles of attack the boundary-layer—edge Mach numbers fall
between the calculated limiting values, with a slight trend toward the
tangent cone limit ag angle of attack increases, This trend is expected
since the nose flow, which is characterized by normal shock calculations,
becomes less dominant as angle of attack increases.

Comparisons of boundary-layer-edge Mach numbers and thicknesses
for the two Reynolds numbers at which data were obtained showed only
minor differences and are not presented, A discussion of Scaling the
present data with respect to Reynolds number is given in Ref, 2,

A comparison of centerline boundary-layer-edge Mach numbers for
the 139 and 140B configurations is shown in Fig. 21. There is close
agreement except in the expansion region (X/L greater than 0, 8),

Spanwise boundary-layer-edge Mach numbers from the 140B config-
uration at an X/L value of 0.8 are compared with calculated values in
Fig. 22, The values rise with increasing spanwise distance unti} good
agreement with tangent cone calculations is obtained at 2Y/B of 0.6,
Again, this is expected since the outer portion of the wing is essentially
free from nose bluntness effects,

16
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A summary of boundary-layer-edge Mach numbers on the 140B
wing is shown in Fig. 23 along wiih tangent wedge and tangent cone
calculations for 2Y/B of 0.6, Except for the expansion region
(XW/C >0.6) the values are generally in good agreement with tangent
cone calculations,

5.0 CONCLUSIONS

Pitot pressure and total-temperature profiles were measured in
the windward surface shock layer of two 0,175-scale Space Shuttle
Orbiter models, Surface static pressure measurements were also
made. Boundary-layer-edge conditions were then derived from these
measurements, Two distinctly different flow fields were found with
the following characteristics:

Fuselage (0 < 2Y/B <0, 4)

1. Smooth pito: pressure profiles from the shock to the
model surface and

2. Boundary-layer-edge \Mach numbers that fall approximately
midway between normal shock and tangent cone calculations.

Wing (0.6 <2Y/B < 1)

1. Irregular pitot pressare profiles indicating a complex
flow field and

2. Boundary-layer-edge Mach numbers that agree with tangent
cone calculations.,
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Coordinates are given in Tables 1 arnd 2,
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Figure 3. Pressure orifice and thermocoup!2
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Figure 4. Windward surface centerline deflection angles of the 139 and
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Figure 8. Spanwise surface static pressure distribution at
an X/L value of 0.8.
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Figure 9. Wing sui face static pressure distributions.
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Figure 12. Detailer pitot pressure distribution.
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Figure 15. Centerline boundary-layer thickness distributions for the 139 configuration.
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Figure 17. Spanwise boundary-iayer thickness distribution at an X/L value of 0.8.
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Table 1. 139 Configuration Pressure Orifice and Thermocouple

Gage Locations

No., X/L 2Y/B

ressure Pressure
Orifice Orifice
No. X/L 2Y/B XW/C No, X/L 2Y/B  XW/C
1 0.1 0 == 11 0.4 0.107 --
2 0.2 --- 12 0.5 0.107 --
3 0.3 --- 13 0.6 0.107 ---
4 0.4 --- 14 0.5 0.25 ---
5 0.5 --- 15 0.6 0.25 ---
6 0.6 --- 16 0.4 0.25 ---
7 0.7 --- 17 0.8 0.40 0.550
8 0.8 --- 18 0.848 0.60 0.60
9 0.9 --- 19 0.842 0.75 0.50
10 1.0 / .- 20 0.928 0.75 0.90
21 0. 857 0. 85 0.50
Thermocoup_le_

A 0.15 0
B 0.55 U
C 0.95 0
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Table 2. 1408 Configuration Presstre Orifice and Thermg
Gage Locations

nrvae

Pressure Pressure

Orifice Orifice
No. X/L 2Y/B XW/C No. X/ L 2Y/B XW/C )
1 0.1 0 14 0.5 0.25 ---
2 0.2 --- 15 0.6 0.25 ---
3 0.3 --- 16 0.8 0.25 ---
4 0.4 --- 17 0.8 0.4 0.556
5 0.5 --- 18 0.847 0.6 0.599
6 0.6 --- 19 0.842 0.75 0.498
7 0.7 --- 20 0.928 0.75 0.900
8 0.8 --- 21 0.857 0.85 0. 497
9 0.9 --- 22 0.7 0.25 ---
10 1.0 \ 23 0.750 0.6 0.246
11 0.4 0.107 --- 24 0.8 0.6 0.426
12 0.5 0.107 --- 25 0.928 0.6 0. 889
13 0.6 0.107 --- 26 0.8 0.75 0.299

Thermocouple Thermocouple
No. X/L 2Y/B Xw/C No. X/L 2Y/B xw/C

A 0.15 0 --- F 0.40 0.777

B 0.55 0 -- G 0.60 0.734

C 0.95 0 --- H 0.85 0.662

D 0.88 0.75 0.699 I 0.55 0.25 ---

E 0.88 0.25 --- J 0.70 0.40 0.299
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Table 3. Test Summary

OHSY Test Phase (139 Configuration)

Survey Station

Mg Py, Ppsia Orifice No.

7.92 150 1
1
1

2-10
v
*
Y {V Y

7.95 250 2-10
7.95 250 *

OHS5 Test Phase (140B Configuration)

Survey Station

M, Py, psia Orifice No.
7.92 150 4-26
21-26
*

y {V

*Surface pressure data (all orifices)
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T RTRIVE T TR L e ST

PP/p

p lp

M e,

Re, /Re,

{ PARAMETER

AEDC-TR-75-5

APPENDiIX A
DATA REDUCTION EQUATIONS

The following equations were used to compute the boundary-layer-
edge conditions which are given in Tables 4 and 5,

EQUATION

pp/pg
Pm /P4

pp/py =

From Table II, Ref, 8 using pp/"pm

2 -
{ (v - 1) Mg / (v-1 Mez:l
Te/Ty= |1+ —5—|/ |1+ ———%

agla, = (Ty/T)M/?

Ug /Uy = (Mg /M) (ag/a,)

N 1
v-1 Y-

1
Pl [(y+ 1) ;\/Im2 vy+1 ‘e
pe/pm = |
- 9 ) |2 1,

s ] L v - -0 T,

g ,..3/2

2.27x10°°T b sec
4 = : —— (for T >200°R)
T + 198.6 ft
4 = 8.051x10 10 T l—llf—gc— (for T < 200°R)
£t

Reg/Rey = p /p ) (u, lug) [ (v, /ug)
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e

NOMENCLATURE

Speed of sound, ft/sec

ndal fr\fal svan

LT L VO

9
-

Loocal wing chord

Pressure coefficient, (b, - P)/q
Probe tip diameter, in,

Model reference length, 22,58 in, (139) or 22,63 in, (140R)
Mach number

Static pressure, psia

Model surface static pressure, psia
Tunrel stilling chamber pressure, psia
Free-stream pitot pressure, psia
Survey pitot pressure, psia

Free -stream cynamic pressure, psia
Reynolds number

Unit Peynolds nuinber, ft-l

Static temperature, °R

Tunnel stilling chamber temperatuie, °R
Survey total temperature, °R

Velocity, ft/sec

Axial distance from the nose, in,
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XW Axial distance from the wing leading edge, in.

Y Latersl distance from the model centerline, in,

Zp Prohe height above model surface along the survey probe
drive axis, in.

a Model angle of attack, deg

7 Boundary-layer thickness, in,

€ Local body deflection angle with respect to the X-Y plane, deg

v Ratio of specific heats (1.40 for air)

u Viscosity, Ib-sec /1t 2

p Density, slug/f‘c3

S1UBSCRIPTS

e Boundary-layer-edge condition

L Based on model reference length

max Maximum value

® Free-strcam condition

1 Probe 1

2 Probe 2
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